Abstract-The PMCHWT-IE-FFT-BURA is applied to the wideband analysis of electromagnetic scattering property of homogeneous targets. Over the broad frequency band, the fast computation is achieved by the Maehly expansion on the basis of the Chebyshev approximation of the electric and magnetic currents. On the Chebyshev sampling points, PMCHWT-IE-FFT greatly reduces the memory requirement by sparsely storing the impedance matrix and decreases the computational time to the greatest degree by block acceleration of the matrix-vector product. Finally, numerical results show that the proposed method can make efficient analysis of wideband property of homogeneous targets without sacrificing accuracy much .
INTRODUCTION
The electromagnetic scattering property of homogeneous targets [1] possesses theoretical meaning and practical value in the fields of target identification, wave propagation in complex environment and resources exploration. In computational electromagnetics (CEM), the method of moments (MoM) [2] is an effective tool for its high accuracy. However, for the wideband computation of homogeneous targets, one-by-one frequency point has to be computed by the MoM within the bandwidth, which makes the process prohibitively long. Consequently, the fast frequency sweeping technique of homogeneous targets is of great significance.
Since the end of 1960s, great achievements have been made in the MoM research. However, the conventional MoM has to save the dense impedance matrix, so its performance is limited by the hardware resources. Under this circumstance, more and more attention has been focused on fast algorithms such as MLFMA [3, 4] , AIM [5, 6] and IE-FFT [7] [8] [9] . The PMCHWT-IE-FFT involved in this paper is different from the previous PEC situation. The surface of the homogeneous targets contains not only equivalent electric currents, but also magnetic currents. This means that for the target meshed by triangular patches, two RWG basis functions [10] are needed to simulate the electric and magnetic currents, respectively, on a pair of triangles sharing the common edge. This also leads to the fact that the number of unknowns of homogeneous targets is more than twice as that of the PEC case of the same electrical size. In addition, the impedance matrix arising from the PMCHWT-MoM obtains the form of two-by-two submatrices which can be utilized to get the maximum reduction of CPU time by block acceleration with the FFT.
For the purpose of accurate and efficient analysis of broadband scattering property, the Asymptotic Waveform Evaluation (AWE) [11, 12] , Model Based Parameter Estimation (MBPE) [13] , Best Uniform Rational Approximation (BURA) [14] [15] [16] and other methods are proposed one after another. In the above methods, both the AWE and MBPE need to calculate and store higher derivatives of the impedance matrix. On the contrary, the BURA is welcomed by scholars for memory saving and easy combination with the existing codes.
In this paper, the PMCHWT-IE-FFT united with the BURA has firstly been applied to the broadband analysis of the EM scattering of the homogeneous targets. First of all, the procedure is carried out by selecting a group of Chebyshev nodes within the bandwidth. Secondly, PMCHWT-IE-FFT is performed to compute the electric and magnetic currents over these Chebyshev nodes. Thirdly, the coefficients of the Chebyshev polynomials can be achieved on the basis of the last step. Lastly, the electric and magnetic currents of arbitrary frequency over the given bandwidth can be obtained via the Maehly Approximation.
THEORY AND FORMULATIONS

PMCHWT-IE-FFT
Consider a homogeneous targets with permittivity of ε(r) = ε 0 ε r (r) and permeability of μ 0 (nonmagnetic material) in free space which is illuminated by plane wave (E inc , H inc ), as shown in Fig. 1 . The surface of the targets is denoted by S. The PMCHWT equations resulting from the homogeneous bodies are shown as below
where J and M represent the equivalent surface electric and magnetic currents, respectively. L j (X) denotes the operator L of EFIE while K j (X) signifies the operator K of MFIE. Following the process of expansion of electric and magnetic currents by the RWG basis function and Galerkin test, the PMCHWT equation can be arranged as below, Initially, the PMCHWT-IE-FFT requires constructing a cuboid which physically embraces the homogeneous targets. The Cartesian grids on the cuboid are established, as displayed in Fig. 2 , and the total number of the grids is supposed as N g . The Green function of free space G(k j ) is interpolated by the Lagrange polynomials, which leads to two benefits. The first one is that the separation of source point and field point will facilitate the approximation of far-field elements of the impedance matrix. The second one is that the obtained matrix of discrete Green function g(k j ) is provided with the 3-layer Toeplitz property which is the foundation of the FFT acceleration of matrix-vector product. Therefore, it can be concluded from Eq. (3) that each matrix of discrete Green function of all the four submatrices possesses the 3-layer Toeplitz property. In the following, the expressions of submatrix-vector product by FFT acceleration are given.
where 
PMCHWT-IE-FFT-BURA
Since the impedance matrix and excitation vector in the MoM are the function of frequency, the wideband computation of homogeneous targets necessitates repeated filling and solving of Eq. (11) at each frequency point, which is pretty time-consuming.
To begin with, the BURA technique chooses a set of Chebyshev nodes k j (j = 0, 1, . . . , Q) over the given bandwidth [k a , k b ] abiding by Eq. (12),
wherek j represents the normalized transformation coefficients of wavenumber k over the known bandwidth. The formulation ofk j is given below,
Afterwards, the A , D and M regarding the obtained set of RWG basis function are computed. The FFT operations for the first column of circular matrix resulting from the 3-layer Toeplitz matrix g(k i ), i = 1, 2 are carried out. The corrected near-field elements of the submatrices Z JJ (k j ), Z JM (k j ), Z MJ (k j ) and Z MM (k j ) are calculated and saved. On getting these basic data, the electric and magnetic currents I and P at the Chebyshev nodes k j can be resolved iteratively according to the Eqs. (4)-(7). Next step will be the computing process of the expansion coefficients of the Chebyshev polynomials for the whole bandwidth, i.e., c 2n,l .
where T l (x) is the Chebyshev polynomial. With c 2n,l , the electric and magnetic currents at any frequency within the bandwidth can be preliminarily expressed as below,
In Eq. (15),k is the normalized transformation coefficient of k. The relationship betweenk and k conforms to Eq. (12) . Finally, the Meahly approximation is employed to improve the accuracy of I and P.
In the above equation, a 2n,i (i = 0, 1, 2, . . . , L) and b 2n,j (j = 0, 1, 2, . . . , M) can be achieved with the following formulae,
In order to evidently display the whole analytical process, Fig. 3 gives the sequence of the proposed technique.
NUMERICAL EXAMPLES AND ANALYSIS
To demonstrate the efficiency and accuracy of the PMCHWT-IE-FFT-BURA, three numerical examples are displayed with the incident plane wave propagating along −z axis and polarized along x axis. The program codes of Fortran are implemented on a 2.0 GHz workstation with 32G memory. All the data Broadband monostatic RCS of cylinder over 10-18 GHz.
are saved by double precision, and the GMRES is adopted as solver. In the PMCHWT-IE-FFT, 0.08λ g is chosen as the Cartesian grid space and 2 selected as the order of Lagrange interpolating polynomials.
In the first example, we consider a homogeneous cuboid with edge-length of 1.8 cm and permittivity of 2.0. The cuboid is meshed into 3058 triangles which form 9174 unknowns. Fig. 4 shows the broadband monostatic RCS of the target as a function against frequency over the range from 10 to 20 GHz with an interval of 50 MHz in XOZ plane. The solid line indicates the result tackled by the conventional MoM while the triangle line implies the solution of PMCHWT-IE-FFT by means of one by one frequency point. It can be seen that the proposed technique, namely PMCHWT-IE-FFT-BURA, with L = M = 6 agrees well with the PMCHWT-MoM and PMCHWT-IE-FFT, which illustrates the accuracy of the proposed method in this paper.
The second example gives a cylinder whose permittivity is 2.2. The radius and height of the cylinder are fixed at 1.0 cm and 3.0 cm, respectively, and it is meshed into 4354 triangles and 13062 unknowns. plane is shown in 
CONCLUSION
This paper presents a fast wideband algorithm for the homogeneous target, which closely unites PMCHWT-IE-FFT and BURA. To start with, the block characteristic of the impedance matrix due to PMCHWT-MoM is described. With this feature, block acceleration of FFT is applied to the PMCHWTMoM to shorten the solving process at the Chebyshev nodes. On the basis of the previous steps, the RCS over the whole bandwidth can be obtained by the BURA. Numerical examples testify the efficiency and accuracy of the proposed method.
